A procedure for preparing the semi-activated carbon fiber (SACF) at low temperature is proposed. The first step of the procedure is coating of an inorganic fiber (E-glass fiber) by an adsorbent mixture (powder activated carbon) using methyl cellulose and water as gluing material. In this work, a set of experiments were performed to attain appropriate adsorbent mixture for good quality coating. The best composition was investigated based on the adsorption and the mechanical properties of the coated fibers. The results showed that an adsorbent mixture containing 3 to 4 wt% of methyl cellulose, and 15-20 wt% of activated carbon renders good quality coating. The adsorption property of the coated fibers was studied by determination of iodine number for the adsorbent mixture. In this work, the weight percent of the coated adsorbent mixture on the fibers have also been measured and reported. The mechanical properties were examined by flow of air through a packing of the coated fibers. BET surface area of the samples was also examined and compared to other reported works. The results showed that the surfaces area of the samples were either equal to or higher than other disclosed works. In order to test the weight loss of the coated fibers, the weight of packing was measured after 20, 40 and 60 min flowing of air through the packing. The weight loss in all cases was very low (up to 0.001 g); thus good quality of coating was occurred.
INTRODUCTION 1
Activated carbons as the nanoporous materials with high surface area are of interest as adsorbent in many industries such as food processing, pharmaceuticals, chemical, petroleum, mining and nuclear industries. They are used in the automobile, air conditioner or air purifier, water treatment and vacuum manufacturing [1] [2] [3] [4] [5] . This diversity of applications depends on the surface properties and the shape of activated carbon. Activated carbons are classified into different types according to their size and shape: powder, granular, activated carbon fiber and shaped form (such as honeycomb structure). Each type of activated carbon has its specific applications in different industries [6] [7] [8] [9] [10] [11] [12] . Although activated carbon is used in many purification applications in the form of granule or pellet, but the 1 *Corresponding Author's Email: mnlotfollahi@semnan.ac.ir (M. N. Lotfollahi ) major problem with these forms of carbon is highpressure drop that occurs in their packed bed. The other problems in relation with the use of granular activated carbon are entrainment of the powder in the flow stream and abrasion of the granules. One solution way for the mentioned problems is using the activated carbon fiber (ACF) or honeycomb structure activated carbon [13] [14] [15] [16] . ACFs have very wide applications in industries, particularly, for removal of pollutants from water or air. The applications of ACF have been widely extended, not only as an adsorbent but also as a catalyst support and as an electronic material [15, [17] [18] [19] . Different preparation methods for the ACF were proposed in the literature [15, [20] [21] [22] . Eomet al. [15] prepared the ACF through differently shaped spinnerets from pitch precursor. They activated the carbon fiber in steam media. Characterization of these differently shaped ACFs was carried out in relation to the activation energy, rate and adsorption capacity. In this work, there are two heat treatment steps, namely, stabilization and carbonization. To attain ACFs with good adsorption capacity, they performed the treatments under high temperature. Stabilization and carbonization were performed at 280 and1000°C, respectively. They could not attain the products with high adsorption capacity. In addition, they did not examine the mechanical properties of their product. It can be mentioned that the heat treatment under high temperature adversely affected the mechanical strength of the product. Vilaplana-Ortego et al. [20] prepared activated carbon fiber monoliths by physical activation of the fiber monolith rived from two kinds of pitch-based carbon fiber (CF). In this work, the authors were forced to perform activation under high temperature.
In another reported work, Im et al. [22] prepared ACF by electro-spinning method. Electro-spinning is accomplished by inducing a large electric potential (typically 15-30 kV direct current) in a polymer solution (or melt) that is separated by some distance from an oppositely charged target to create a static electric field. As the electric field potential increases, the electrostatic forces in the solution overcome the surface tension of the solution and a thin liquid jet composed of entangled polymer chains is ejected from the polymer reservoir. The jet then travels through space (this condition was previously described as whipping motion of the fiber). As the liquid jet travels through space, the solvent evaporates forming a fiber that deposits as a dry, fibrous structure, and eventually, a nonwoven material can be collected on the target. To activate the ACF, they used physical activation. In the activation method, they attached silica nanoparticles to the ACF before electro-spinning. After stabilization, the silica nanoparticle was extracted by HF acid. They did not treat the fibers under high temperature. However, their ACF did not have proper surface area. In their work, polyacrylonitrile was used as carbon source. Kim et al. [23] also used the electro-spinning method to prepare activated carbon fiber. They used polyamic acid as carbon source. In the previously mentioned work, stabilization step was done under high temperature, 700 to 1000°C. The stabilized fibers were activated by steam at 650 to 850°C. However, the synthesized fibers did not have the proper surface area, and mechanical strength of the fibers were not examined. Therefore, in the two recent mentioned works, the authors used electro-spinning method, but with two different techniques for activation of the fibers.
Park and Kim [24] disclosed a procedure to prepare activated carbon fiber by molding. They used polyacrylonitrile as carbon source. Phenolic resin was used to reinforce the fibers. The procedure consisted of two heat treatment steps at high temperature (around 1000°C). On the other hand, the phenolic resin used to reinforce the fibers led to decrease surface area of the ACFs. Oya et al. [25] prepared ACF by spinning method. They used phenolic resin as carbon source. In the process, there are two heat treatment processes, carbonization at and activation, both at 900°C. The activation step was performed by steam. The fibers had proper mechanical strength, but not a good surface area. Mohammad et al. [26] prepared ACF using commercial polyacrylonitrile (PAN) fiber. They performed two vigorous heat treatment steps to stabilize, carbonize and activate the fiber. Giraldo et al. [27] used Kevlar [poly (p-phenilylene terephtalamide)] fiber to prepare ACF. They used three heat treatment steps, including both steam and CO 2 activation at around 1000°C.
Economy et al. [28] have developed a relatively low cost procedure in which phenolic resin as precursor was coated on glass fibers. The key factor in this approach is the use of low cost glass fiber. However, their work had a few vulnerable spots, while the use of low cost glass fiber was a good idea to prepare SACF. Following this work, a few researchers studied on preparation of SACF and tried to increase the quality of the fibers, including adsorption capacity and mechanical strength, and decrease the cost of the products. Jeong et al. [29] evaluated the possibility of using coal tar pitch instead of phenolic resin for coating on glass fiber because of its lower cost compared to phenolic resin. In addition, in other reported work [30] a procedure was described for coating glass fiber by a mixture of coal tar pitch and phenolic resin. In such works, the glass fibers after coating by precursors (pitch and phenolic resin) were treated under high temperature (500-1000°C). The treatment includes carbonization and activation. These treatments may adversely affect the shape and mechanical strength of the products. Also, as mentioned earlier, SACF can be used as a catalyst support. Therefore, treating under high temperature may damage the loaded material on the catalyst support.
In all the above-mentioned works, there were at least two heat treatment steps under high temperature to stabilize, carbonize and activate the ACF and SACF. As mentioned earlier, the treatments adversely affect on the physical shape and mechanical strength of the products. Also, such procedures are relatively expensive and timeconsuming.
By using powder activated carbon instead of phenolic resin in coating the glass fiber, there is no need for thermal treatments on the coated glass fiber at high temperature. To the best of our knowledge, the possibility of coating glass fiber by powder activated carbon has not been yet examined.
In this work, a procedure is described for coating powder activated carbon on glass fibers in gas phase. In fact, the aim of this work was to prepare SACF by coating glass fibers with an adsorbent mixture including powder activated carbon, methyl cellulose as organic polymer binder and water. In contrast to the other reported works for preparation of SACF, in this procedure there is not any treatment step under high temperature. Instead, a few solutions were applied to prevent blocking the pores of powder activated carbon by the binder. In order to reach a good coating, a variety of products was produced with different compositions of activated carbon, methyl cellulose and water in the adsorbent mixture. Then, adsorption, surface area and mechanical properties of the coated fibers were measured and compared with data reported in literature.
EXPERIMENTAL

1. Material
Methyl cellulose was obtained from BDH Company (England) as a binder. The methyl cellulose has a gelation temperature of around 45°C, below which it is completely soluble in water. Powder activated carbon was obtained from Jacobi Company (Sweden). Choloridric acid, iodine, potassium iodide, starch and sodium thiosulfate were obtained from Merck Company (Germany), all with mass fraction purity greater than 0.99. All the chemicals were used without any further purification. The E-glass fiber with about 0.5 mm thickness was provided from Qingdao strong M&E Co. Ltd (China).
1. 1. Characteristics of the Powder Activated Carbon
Particle size distribution of the purchased activated carbon was determined by standard sieves equipped with a shaker (E.L.M, SIE. 35). Table 1 shows the activated carbon particle size distribution. Using the this particle size distribution, the mean particle size of powder activated carbon was calculated to be 109 μm. The measured Iodine number of the powder activated carbon based on the ASTM D4607-94 [31] is about 1360 mg/g. In this work, all the iodine number measurements were performed three times and the average value has been reported. Figure 1 shows the pore size distribution of the powder activated carbon. The Analysis was performed using BJH method [32] and by utilizing nitrogen desorption isotherm data. As can be seen in Figure 1 , most of pores have a radius of around 10 nm. 
Coating of the Fibers
2 ) were simply dipped in this mixture, allowed to soak for a few minutes and drained of the excess mixture by subjecting the fibers under a force 15 Newton for one minute. Finally, the prepared fibers were dried in an oven at 60°C for 3 hours. In the above mentioned step for preparation of the coated mixture, the temperature was regulated by a thermostatic bath (Grant instruments (Cambridge) Ltd. (type SE 15, England)), accurate to ±0.2 o C. The components were weighed on an analytical balance (A&D Company, GF-600, Japan) accurate to 0.001 g. It is important to note that mixing a binder with powder activated carbon at high speeds prevents the block age of the pores of activated carbon and improves adsorption capacity of the prepared mixture [34] .
RESULTS AND DISCUSSION
1. Quality of Coating
In the present work, a set of experiments was performed to attain appropriate adsorbent mixture for good quality of coating. We first coated the fibers by various composition of the adsorbent mixture, and then the quality of coating was examined by SEM images. The images were recorded using XL30 Philips. The experiments started with the minimum composition of methyl cellulose (1wt%) as the organic binder. The produced fibers did not have good coverage with the adsorbent mixture in this composition of methyl cellulose. In other words, the coater adsorbent mixture could not fill the voids between the fibers, and the coating quality was poor. The experiments were continued for the adsorbent mixture containing 2 wt% methyl cellulose and various percentages of activated carbon. Poor coating quality was also observed in this case. It can be concluded that the minimum useable composition of methyl cellulose is 3 wt%. Table 2 shows the compositions of adsorbent mixture with more than 3wt% of methyl cellulose. In this table the wt% of the coated mixture on the fibers is also reported. Figure 2 shows SEM images of the coated fibers by mixture containing 3wt% of methyl cellulose and various percentages of activated carbon (15, 20 and 25 wt% in Figure 2, a, b and c, respectively) . As it can be seen in Figure 2 (a) , the coater adsorbent mixture did not well fill the voids between the fibers. Figure 2 (c) shows that the SEM image of the produced activated carbon fiber demonstrated better coating with respect to the prior cases (in Figure 2 (a) and 1 (b) ). The experiments with higher percentages of activated carbon (30wt%) in the coater adsorbent mixture showed that the coater adsorbent mixture was viscous And it was impossible to use dip-coating method. For the adsorbent mixture containing 4wt% methyl cellulose and various percentages of activated carbon, the same results were obtained. By increasing the wt% of methyl cellulose from 4 to 5wt%, the coater adsorbent mixture was semiplastic and coating was impossible.
2. Adsorption Capability
To compare the adsorption properties of the coated fibers, we defined the parameter "adsorption capability" to show the effects of both adsorption and coating abilities of produced fibers. The adsorption capability parameter depends on both iodine number of the adsorbent mixture and weight of the coated adsorbent mixture on the fibers. The adsorption capability is defined as follows:
where, a denotes iodine number of the adsorbent mixture (mg/g), b weight of the coated adsorbent mixture (g), c surface of the fiber (cm 2 ) and d adsorption capability (mg/cm 2 ). In fact, the adsorption capability indicates the adsorbed iodine per unit area of the coated fibers. The iodine number of the adsorbent mixture was determined based on the ASTM D4607-94 standard. Table 3 shows the iodine number of adsorbent mixture, the weight of coated adsorbent and the adsorption capability for various wt% of methyl cellulose and wt% of activated carbon. The results showed that with increasing of activated carbon wt%, both the wt% of coated adsorbent and the iodine number increased and consequently the adsorption capability of the coated fibers also increased. As can be seen in Figure 3 , increasing the wt% of the methyl cellulose in spite of reducing the iodine number, caused an increase in the adsorption capability. Noting the above mentioned results, it can be concluded that for improving the adsorption capability of the SACFs, increasing the amount of coated adsorbent mixture on the fibers is more effective than to improve adsorption capacity (iodine number) of the adsorbent mixture.
Surface Area
The nitrogen adsorption and desorption isotherms for the coated fibers were measured at −196°C on a Belsorp 18 (BEL Japan, Ltd.). The samples were heated at 200°C for 2 hours and degassed overnight. The specific surface area was determined by the Brunaver-Emmet-Teller (BET) method [35] using a m (N 2 = 16.2 Å 2 ), where, a m , is the molecular area of nitrogen at −196°C. Table 4 shows the results and a comparison between the synthesized samples in the present work and otherdisclosed works.
As can be seen in Table 4 , the surfaces areaof all synthesized samples in the present work are either almost equal to or higher than the surfaces area of two other reported works. Thus, it can be concluded that the synthesized samples in the present work have very good surface area. Therefore, it can be concluded that the binder has very low adverse effect on the powder activated carbon. In fact, minimizing the amount of the binder in the coater mixture led to prevention of blocking pores of powder activated carbon by binder, and subsequently, decreasing surface area of the coated fibers.
4. Mechanical Property
There is a weight loss by abrasion in the continuous adsorption processes for the shaped and granular activated carbon. It is reported in the literature that the abrasion increases the pressure drop in continuous processes [36] . Therefore, the mechanical properties of the products could be tested by flowing air through a packing of the products and measure the weight loss. In order to carry out this experiment, a set-up was assembled (Figure 4) . In this work, the weight loss of the coated fiber packing was measured after 20, 40 and 60 min flowing of air (165 liter/min). Table 5 shows the results.
As can be seen in Table 5 , the weight loss in all cases was very low. The weight loss of the coated fibers increased by increasing the activated carbon content of adsorbent mixture, but it decreased by increasing the methyl cellulose content from 3%wt to 4%wt. The values of weight losses obtained after 40 and 60 minutes flow of air were almost equal in all cases. 
CONCLUDING REMARKS
In this work a set of experiments was performed to attain appropriate adsorbent mixture for good quality of coating. The best composition was investigated based on the adsorption and the mechanical properties of the coated fibers. The parameter "adsorption capability" was defined to show the effects of both adsorption properties and coating abilities of produced fibers. The adsorption capability depends on both the iodine number of the coater mixture and the weight of the coated mixture on the fibers. It was found that an adsorbent mixture containing 3 wt% or 4 wt% of methyl cellulose, and 15-20 wt% of activated carbon represents good quality of coating. By increasing the wt% of methyl cellulose from 3 to 4wt% the iodine number of the adsorbent mixtures decreased, but weight of the coated adsorbent mixture on the fibers was increased. The results showed that the adsorption capability of the fibers that were coated with the adsorption mixture containing 4wt% of methyl cellulose was higher than the adsorption capability of the fibers that were coated with the adsorption mixture containing 3wt% of methyl cellulose.
Surface area of the coated fibers was attained by BET method. The results showed that the coated fibers in the present work have more acceptable surface areas than that of other reported works. Also, as can be seen in Table 3 and by noting the iodine number of the initial powder activated carbon, the adsorption capacity of the coated fibers is about 95% compared with that of the initial powder. In other word, only less than5% of adsorption capacity of the initial powder activated carbon decreased. It means that the procedure did not lead to block the pores of the initial powder.
The weight loss of the coated fibers in packing was measured after 20, 40 and 60 min flowing of air. The weight loss in all cases was very low, thus good quality of coating can be inferred. The values of weight losses obtained after 40 and 60 minutes flowing of air were almost equal in all cases. Finally, it must be noted that in the present work, a procedure for preparing semi activated carbon fiber with good adsorption and strength quality and without any treatment under high temperature is proposed.
